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(54) Compiler controlled dynamic scheduling of program instructions 



(57) A computer's speed In executing a program Is 
Increased based on a compiler controlled dynamic 
scheduling of program instructions, or an system and 
method of dynamically storing multiple instruction de- 
pendencies in a program. This is accomplished through 



the use of a single dep instruction, which instructs the 
computer system's central processing unit executing the 
program that each instruction associated with the dep 
instruction can be executed in parallel with one another, 
subject to the constraints encoded within the dep In- 
struction. 
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Description 

Field Of The Invention 

s [0001] This Invention relates broadly to increasing a computer's speed in executing instructions In a program. 
Background Of The invention 

[0002] In a modem computer system, a compiler translates a program written in a high level programming language 
10 (generally referred to as source code) into a lower level language program that physically executes on the computer 
system's processor (generally referred to as machine or object code). In some computers or machines, in addition to 
the compiler, an assembler Is provided to allow human programmers to produce object code. Other compilers also 
perform the functions of the assembler to produce the object code that can be passed directly to the processor. One 
measure of the performance of the processor (e g, central processing unit (CPU)) is the time It talces to execute an 
»s instruction in object code. Generally, the period of time in which a single instruction is executed (also referred to as 
instruction execution rate) by the processor is termed one machine cycle or cycle. 

[0003] Improvements in instruction execution rates of computers are achieved by circuit-level or technology improve- 
ments and organizational techniques, such as exploitation of instruction level parallelism (I LP), cache memories, out- 
of-order execution of instructions and multiple, concurrent execution units In the processor. Increasingly popular Is 
20 exploitation of ILP, or allowing multiple object code instructions which result from the compiler (and/or the assembler) 
to be issued and executed by the processor simultaneously in a single machine cycle. 

[0004] A number of such computer organizations (namely, hardware and software) with varying levels of parallelism 
are known. The levels of parallelism relate the organization and method used to exploit the opportunities for I LP Op- 
timizing object code based on optimization techniques is a means by which to exploit I LP An important optimization 

2S technique Is determining dependencies (also referred to as hardware Interlocks) between instructions contained In the 
code. Instructions are independent when, within a given number of instructions (or instruction sequence), the order of 
execution of the instructions does not affect the results. Various methods for optimizing code are known in the art, as 
shown in A. Aho et al, Compilers, Principles, Techniques and Tools, Addison Wesley (1988), Chapter 10. Reference 
is made to this publication for further description of such optimization techniques. 

30 [0005] For example, known machines having an organization called a superscalar architecture have achieved peak 
Instruction execution rates in excess of four instructions per machine cycle. However, in order to accomplish this, the 
processor includes complex hardware which decodes the object code instructions to determine the dependencies 
between two or more instructions (up to m instructions, where m is an integer) at the time that such code is executed 
by the processor. The hardware is referred to as dynamic checking logic. Such processing is very complex because 

3S It is necessary to implement a large number of rules to determine whether instruction dependencies exist. 

[0006] For example, consider a superscalar machine designed to execute at most two object code Instructions in 
parallel. Also, assume that there are m instructions in the instruction sequence. To maximally exploit ILP, it has been 
suggested that on the order of rules must be exercised in the instruction decode hardware to determine whether 
or not a given pair of arbitrary instructions may be issued in parallel. The complex dynamic checking logic can produce 

40 correct results but extends the machine cycle time, owing to such processing at the processor level. In additbn, nec- 
essary processor logic must be exercised each time the object code is retrieved from main mennory. Since looping 
instructions are a common programming technique, superscalar architectures must perform checking operations each 
time instructions associated with a loop are executed. In addition, this is only one of the limitations of the superscalar 
machine that limit the performance gain achieved by exploiting ILP. Accordingly given the limitations of the superscalar 

^5 machines, the instruction execution rate may not be reduced sufficiently to warrant their use. 

[0007] Another known approach to the extraction of ILP Is taken in Very Long Instruction Word (VLIW) architectures. 
The execution units in VLIW machines require that the compiler permanently (or statically) preallocate instructk>ns to 
the execution units of the processor. The execution units are hardware In the processor which receive Issued instruc- 
tions and execute such instructions according to the operation specified by the instruction. For example, an instruction 

so to multiply two operands can be sent to a multiply execution unit but cannot be sent to an arithmetic logic unit (also 
referred to as an ALU execution unit). However, an add instruction can be sent to either an ALU or a multiply execution 
unit, which can execute both operatbns. In VLIW machines, the compiler preallocates the multiply instruction to a 
single execution unit, in this example, the multiply execution unit. The disadvantage of such permanent binding is that 
a full mapping of instructions to execution units must be stored in main memory which results in noops being stored 

ss in main memory. This increases instruction fetch bandwidth requirements (or the amount of hardware, e.g., physical 
lines, needed by main memory to transmit a series of instructions at the same time) and precludes object code com- 
patibility (or the ability to maintain ILP exploitation gains when the object code is executed by another processor with 
a different number of execution units). For example, assume there are two add Instructions preallocated to the multiply 
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execution unit. At execution time, the processor cannot assign one such instruction to the ALU because both must be 
executed by multiply execution units. The result is that both instructions cannot be executed at the same time. Accord- 
ingly, the permanent binding of instructions to execution units results in lower ILP than a processor which can resolve 
these at execution time. 

s [O0O8] There are a number of known machine products or projects in which approaches for exploiting ILP are im- 
plemented, such as IBM's M.F.A.S.T, Texas Instrument's C6x, IBM's SCISM project and Intel's IA-64 architecture. 
However, each of these approaches is either limited as to the number of dependencies encoded or require large 
amounts of dynamic checking logic which reduce the gain achieved by exploiting ILP. Accordingly, there Is a need to 
optimize object code by determining dependencies in its instructions in such a manner that the processor which exe- 

10 cutes the object code can fully exploit ILR Our invention is directed to such an apparatus and method, whkih involve 
concepts not covered in any of the above products or projects. 

[0009] Our invention Is directed to compiler controlled dynamic scheduling, or a system and method of dynamically 
storing multiple instruction dependencies which a compiler has prespecified. Thin is accomplished through the use of 
a single dep instruction, which instructs the processor hardware that the next m instructions (where m Is an integer) 

IS associated with such dep instruction can be executed in parallel with one another. In addition, the dep instruction, and 
instructions delimited by the dep instruction, can be stored ina Multiple Issue Buffer (MIB) Implemented in the processor. 
The MIB is a special storage buffer separate from, smaller and faster than the main memory of the computer It can 
store the Instructions to be executed in parallel separately from the main memory so that when such instructions are 
to be executed, the processor can retrieve them from the MIB rather than the main memory. Accordingly, execution of 

20 such instructions is faster Moreover, for multiple instruction processing, the main memory need not include hardware 
(e.g., transmission lines) to accommodate sending multiple instructions at the same time because the MIB is accessed 
for that purpose. Also, our Invention can be Implemented In any organization which includes the inventive features 
described herein. Including superscalar and VLIW architectures modified to include such inventive features. 
[0010] An advantage of our invention is that the dep instruction encodes Inter-instruction dependencies at the com- 

2S piier level, or before processing by the processor, in order to alleviate hardware dependency checking. The object code 
encoded with dep instructions Is then extant in main memory of the computer. This eliminates the need for complex 
dynamic checking logic In the processor to determine hardware interlocks at execution time. Accordingly, the processor 
operation is simplified, therefore affords high performance, and can be operated with a reduction in power Moreover, 
this advantage is magnified because the optimized code Is permanent. Therefore, the dep instruction and subsequent 

30 delimited instructions need not be reencoded each time the instruction sequence Is executed or the instruction se- 
quence is used In another processor with a different number of execution units. 

[0011] A further advantage of our invention is that the dep instruction does not preallocate the instructions delimited 
by it to a predetermined execution unit. Accordingly. In addition to supporting a high performance low power processor, 
the dep instruction does not limit the processor from allocating Instructions to particular execution units at execution 
3S time. In this way, the gain in exploiting ILP at the compiler level can be maintained or further optimized by altowing the 
processor to allocate such instructions freely to the processor's execution units. Accordingly, prk>r to processing by the 
processor, the code is optimized to achieve the highest degree of ILP that can exist and to avoid the disadvantages 
of preallocating instructions to execution units. 

[0012] An additional advantage of our invention Is that the processor hardware can cache or store the object code 

40 instructions in the MIB. which is smaller and faster than the main storage of the computer In this way, when the proc- 
essor executes instructions associated with the dep instruction (referred to as the dep instruction packet), it can retrieve 
such packet from the MIB rather than from the main memory of the computer This organization produces permanent, 
optimized preprocessing which can be available quickly to the processor In addition, the architecture of the MIB Im- 
plemented according to our Invention allows Instructions of the instruction packet within the delimited buffer boundary 

45 to issue simultaneously if enough processor execution units are available. For example, for a packet including five 
instructions associated with the dep instruction, the processor may include five execution units in order to process 
such instruction packet. Moreover, the dep instruction can also include additional Information or tags about the dep 
instructbn packet to provide to the processor through the MIB. Such additional information can be used in the processor 
for additional optimization logic implemented at the processor level. 

so [001 3] A further advantage of our invention Is object code compatibility within multiple Implementations of the same 
organization, or organizations which differ only in the number of execution units of the processor and have one or more 
execution units in common. For example, two organizations each provide multiply, ALU, load and store execution units 
and the second organization additionally provides another multiply execution unit. Where the dep instruction of the 
present Invention Is designed for the first organization, it can also be executed by the second organization, and visa 

ss versa. The first organization can issue four Instructions In parallel because It includes four execution units. The second 
organization can Issue five Instructions in parallel. Such execution on alternative first and second organizations Is 
achieved because a dep instruction packet containing four Instructions can be executed on both organizations. As to 
a dep instruction packet containing five Instructions, it can execute on the second organization in parallel and on the 
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first organization with four instructions in parallel followed by a single instruction in series. 

[001 4] Accordingly, our Invention provides a high degree of flexibility and versatility in implementing the dep instruc- 
tion by the processor for object code executbn. Such features provide maxinrium exploitation of ILP in such a manner 
that instruction execution rate increases are maintained at execution time because additional dynamic checking logic 
s processing by the processor is unnecessary. 

Brief Description Of The Drawings 

[001 5] The foregoing and other features and advantages of the present invention will be more readily apparent from 
10 the folbwing detailed description when read In conjunction with the accompanying drawings, wherein: 

FIG. 1 is a high level block diagram illustrating a complete processor system according to the present invention; 

FIG. 2 illustrates a particular form of a dep instruction and a dep instruction packet encoded according to an 
IS illustrative embodiment of the present invention; 

FIG. 3 Is a block diagram of a processor organization constructed according to the Illustrative embodiment of the 
present invention shown in Fig. 1 ; 

20 FIG. 4 is a block diagram of a Multiple Issue Buffer constructed according to the illustrative embodiment of the 

present invention for the processor shown in Fig. 3; and 

FIG. 5 is a block diagram of an alternative embodiment of a Multiple Issue Buffer constructed according to the 
present invention for the processor of Fig. 3. 

25 

Description Of liiustrative Exempiary Emlxxiiments 

[001 6] Referring to Fig. 1 , there is shown a high level simplified block diagram form of a computer system or machine 
1 according to an illustrative embodiment of the present invention. In the figure, a program 2 provides source code as 
30 input to a compiler/preprocessor 3. The compiler/preprocessor 3 performs both a compiler functk>n and a preprocessing 
function in the illustrative embodiment of Fig. 1 . However, it will be understood that the compiler and preprocessor 
functions can be Implemented by separate devices. Moreover, assembler operations could be perfomned by the com- 
piler or separately by an assembler (not shown). 

[0017] The compiler/preprocessor 3 examines the source code (code is also referred to as Instructions within an 

35 instruction set architecture (ISA)) and identifies instructbn dependencies which can be delimited by a dep instruction 
(shown in Fig. 2) in order to implement instruction level parallelism (ILP). The compiler/processor 3 uses a set of 
optimization rules 4 for this purpose. The compiler/preprocessor 3 produces object code optimized by the Inclusion of 
dep Instructions In order to exploit ILP. Such dep instructions are added as the first Instruction of a packet of instructions 
delimited by It. The instruction sequence containing the ofep Instruction and the Instructions delimited by it are hereinafter 

40 referred to as the dep instruction packet (an example of which is shown in Fig. 2 as a dep instruction packet 11 ). 

[001 8] Besides the operatbn of kientifying and implementing the dep instructions, the operations and signals used 
for the operations of the compiler/preprocessor 3 are standard. Therefore, the compiler/preprocessor 3 will not be 
described further. Rather, reference ismadetoAho, Compilers, Principles, 7ec/7n/qt/es and Too/s, for further description 
of the compiler/preprocessor 3. 

45 [0019] In addition, in alternative embodiments according to the present invention, a device other than a compiler 3 
and/or preprocessor 3 can implement the dep instructbns. For example, the facility which implements the dep instruc- 
tions can be a software facility implemented separately from the compiler, e.g., a post-compiler, or it can be a hardware 
facility in the form of a hardware preprocessor located between an architected storage area, for example, a cache (or 
a special storage buffer smaller and faster than the main storage of the machine 1; an example of a cache is a MIB) 

so in the machine 1 , and another subsystem of such architected storage area. 

[0020] The output of the compiler/preprocessor 3 is object code which is compiled and optimized to include the dep 
Instructions. The object code is then applied to an a processor 5 (e.g., a central processing unit (CPU)), constructed 
according to the present invention, as described further below. The processor 5 hardware then fetches and Issues the 
instructions for execution based in part on the dep instructions. 

ss [0021] An important advantage of our invention is the static or permanent implementation of the dep instruction 
during processing by the compiler/preprocessor 3. Accordingly complex dynamic checking logic in the processor to 
determine hardware interlocks at execution time is unnecessary. This results in simplified, and therefore high perform- 
ance, processing and a reductk)n in power required by the processor. Moreover, this advantage is magnified because 
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the optimized code is permanent such that every time instructions associated with loop programming techniques are 
executed by the processor, the instructions already contain the information encoded within the dep instructions. There- 
fore, rfep instruction encoding need not be refetched in the event that the instructions are reexecuted by the processor. 
[0022] Referring to Fig. 2, there are shown several lines of assembly code. Assembly code is shown because object 
5 code, as a lower level language, appears as a stream of Os and Is whereas assembly code, as a higher level language, 
. provides understandable notation and terms for ease of discussing the functionality of the code and, accordingly, the 
functionality of the dep instruction. The dep instruction of the assembly code shown would be translated to object code 
for execution by the processor 5. 

[0023] The Fig. 2 assembly code includes an exemplary dep instruction on line I (or the instruction address location 
^0 symbolically denoted by label and Instructions delimited bv such dep instruction on lines 2 to 6 (hereinafter referred to 
as the dep instruction packet 11). Line 7 represents that any number of instructions may be included between lines 6 
and line S. Line 8 contains a branch Instruction, which indicates to the processor 5 to execute the instruction at the 
instruction address location symbolically denoted by label, or line 1 of Fig. 2. The branch instruction on line 8 is also 
referred to as a looping instruction because it returns toa previously defined instruction address in the code. In addition, 
'5 where there are no instructions between lines 6 and 8, the branch would create a recursive loop. The assembly code 
shown does not have a particular overall function; rather, it is a representation of several operations, e.g., add, and 
multiply, performed on values loaded from a series of register file 22 to 25 (shown in Fig. 3) and the results are also 
stored in the register files 22 to 25. 

[0024] The dep instnjction shown on line 1 contains information pertinent to how a sequence of instmctions is to 
20 interact. One form of interaction is for the instructions to be executed concurrently, as is shown in the dep instruction 
packet 11 . On line 1 , the label is the symbol name that refers to the instruction address at which the dep instruction is 
found. The term "dep* indicates that it is a dep instruction. The information between the parenthesis, namely 'indep", 
specifies the type of the dep Instruction (additional types of dep instructions are described below). In this example, the 
type is independent. The independent dep instruction is the primary type of dep instruction of our invention. It indicates 
2S to the hardware of the processor 5 that the next m instructions can be executed concurrently The value of m in Fig. 2 
is tour (as shown by the #4), so the next four Instructions are delimited by the dep instruction. The instructions following 
the dep instruction on lines 2 to 8 include instruction types, namely, load, add, multiply (shown as mpy) and store 
instructions. The names of the instruction types also indicate their functions. For example, the add Instruction type 
performs an arithmetic addition operation. The references to the right of the Instructions, (e.g., the load instruction on 
30 line 2 is followed by " rO, baseO, offsetO") are pointers to addresses in the processor 5 main memory contained in register 
files 22 to 25 shown in Fig. 3. Such addresses contain data which the instruction operates on. The "rO" indicates where 
data in main memory will be loaded to from an address calculated by baseO plus offsetO. 

[0025] Implementation of the dep instruction according to the present invention requires an optimizing compiler/ 
preprocessor 3 (shown in Fig. 1) or a programmer to identify ILP opportunities within an instruction sequence of the 

35 program 2 (shown in Fig. 1). A number of techniques which uncover ILP are known in the art. These include, for 
example, trace scheduling, percolation scheduling and software pipelining, as descnbed in the following articles: C. 
Foster et al., Percolation of code to enhance parallel dispatching and execution, IEEE Transactions on Computers, C- 
21:1411-1415 (Dec. 1972); M. Lam, Software Pipelining: An effective scheduling technique for VUW machines, In 
Proceeding of the SIGPLAN'88 Conference on Programming Language Design and Implementation, pp. 318-328 

40 (1988); B.R. Rau et al., Efficient code generation for horizontal architectures: Compiler techniques and architectural 
support. In proceedings 9th Annual Symposium on Computer Architecture, pp. 131-39 (April 1982); and J. A. Fisher, 
Trace Scheduling: A technique for global microcode compaction. IEEE transactions on Computers, vol. C-30, No. 7 
(July 1981), pp. 478-490. Reference is made to these articles for further descriptions of such optimization techniques. 
[0026] For example, consider the following versions of exemplary programming code. Each version provides the 

45 same operations, namely multiplying the values of a series of 0 to N vectors (denoted by the variable i) and adding the 
results of such series of multiplication. The functionality is shown in the first version written in the C programming 
language, which is a higher level language. This higher level language code Is then translated into two versions as- 
sembly code, i.e., lower level languages. The first assembly code version translates the C programming code without 
implementing the dep instruction and the second assembly code version translates the C programming code including 

50 implementing the dep instruction. These versions provide a comparison of how the dep instruction improves the speed 
of the processor 5. 

[0027] The C language code is shown as follows (and will hereinafter be referred to as the C code example; the lines 
shown can be contained within a larger loop in the program 2 and Include a simplified inner loop): 

55 
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20 



25 



1 for( i=0; kN. i-H- ) 

^ 2 result +=coclIi]*data[i]; 

[0028] The first assembly language version Is the translation of the C code example to its assembly code equivalent 
where the compiler/preprocessor 3 does not optimize the code based on the dep instruction. It contains the same 
10 f unctbnaiity as the C code example. The following is hereinafter referred to as the non^ep code example: 

1 mDveJnHncdiateiOtN; 

2 move.imrnediaie r3 1 //result 

3 load^addr p 1 , ptr_coef; 

4 loacl_addr p2, ptrjaia; 

5 loop: load r3, pl-H-; 

6 load r4, p2++; 

30 7 mpy r5,r3,r4; 

8 add r3hr31.r5; 

3s 9 subiO,iO.#l//rO-- 

10 bnerO, loop; 

40 

This non-depcode example has the same functionality as the C code example above. However, the operations are 
directed to the lower level processing implemented in assembly code necessary to execute the C code example, such 
as multiply and subtract operations on data from the register files 22 to 25. In addition, move, load and store operations 
are shown. Finally, on line 10 of the non-depcode example, a term "bne" is shown. This term means a condition referred 
4S to as branch if not equal (i.e., the value contained in rO is not equal to zero). When the condition is found, the instruction 
instructs the processor to go to the instruction address location symbolically denoted by the term "loop" shown next to 
bne and to execute the instruction at that address. 

[0029] The second assembly language version is the translation of the C code example to its assembly code equiv- 
alent where the compiler/preprocessor 3 optimizes the code based on the dep instruction. It contains the same func- 
50 tionality as the C code example and the non-dep code example. The following is hereinafter referred to as the dep 
code example: 
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1 dep(indcp)#4{ 

2 movejmmediate lO, N; 

3 movejmmediate r3 1 , ^; 

4 load_addr p 1 , ptr_cocf; 

5 Ioad_addr p2. ptr_data; 

6 ) 

7 loop: 

8 dep (indep) #3 { 

9 loadr3,pl++; 

10 load r4, p2++; 
30 11 subrt).iO,#l; 

12 J 

35 13 mpyrS, r3, r4; 

14 dep (bind_branch) { 

15 addr31.r31,r5; 

16 bnetO, loop; 

17 1 
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50 The blnd_branch indicates to the processor 5 hardware that all instructions within the dep instruction must execute 
prior to the branch taking effect, as further discussed below. Also, the bne means branch if not equal and is used to 
implennent the loop. 

[0030] The difference between the dep code exannpie and the non-dep code example is that the dep code example 
implements greater optimization techniques than the non-dep code example. As a result, for multiple loop Iterations, 
55 the dep code example can be executed in fewer machine cycles than the non-dep code example, 

[0031] More particularly, comparing the processing of the dep code example to the non-ofep code example, advan- 
tages of such cfep instruction for optimizing programming code is shown, (n the depcode example, where one instruction 
is executed per cycle, the first time the code sequence is executed, three additional cycles are required versus the 
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non-dep code example. This is because three dep instructions have been added to the assembly code. While the dep 
instructions can initiate the execution of instructions in parallel, such dep instructions themselves are not executed in 
parallel. However, on the tirst execution of lines 8 to 12, they can be stored in a storage device, for example, a Multiple 
Issue Buffer (MIB) 26 (shown in Fig. 3) for fast parallel retrieval. In this way, on subsequent iterations of the inner loop 

5 (lines 8 to 12 of the dep code example), the loop executes in three cycles while the non-dep code example in lines 5 
to 10 executes In six cycles. Therefore, if the loop on lines 8 to 12 of the dep code example is executed twice, the 
break-even point In terms of the number of machine cycles forthe depcode example versus the non-d^code example 
has been achieved. In addition, during any subsequent reexecution (i.e., a loop can be called multiple times during a 
program) of lines 8 to 12 of the depcode example, further savings in machine cycles are achieved. 

10 [0032] Referring to Fig. 3. there is shown a block diagram of the processor 5 according to the illustrative embodiment 
of the present Invention. The processor includes architected storage areas 21 to 26, execution units 27 to 36. a fetch 
37, a decoder 38, an issue control 39 and a parallel decoder 40. The architected storage areas 21 to 26 are a main 
memory 21 and a set of register files 22 to 25 and a MIB 26. The register files are separate register devices which are 
grouped together in order to use common transmission lines for the input and the output of data to and from such files. 

IS The register files 22 to 25 are a register file offset 22, a register file base 23, a register file r24 and a register file f25. 
The execution units 27 to 36 are a branch unit 27. a branch unit 28, a load ALU 29, a store ALU 30, a data sen/ice unit 
(DSU) 31 , a multiply (MPY) 32, an ALU 33 and an ALU 34. 

[0033] The main memory 21 stores the instructions of the object code, which includes the dep instruction packet 1 1 . 
Alternatively, the object code can be stored in a separate memory storage area, such as, for example, a cache or a 

20 disk. The register files 22 to 25 are storage devices with data intended for particular execution units 27 to 36. In the 
illustrated embodiment, the register file 22 corresponds with the branch units 27 and 28, the load ALU 29, the store 
ALU 30 and the DSU 31 . The register file base 23 corresponds to the load ALU 29. the store ALU 30 and the DSU 31 . 
The register file r24 corresponds to the DSU 31 , the MPY 32, the ALU 33 and the ALU 34. The register file f25 corre- 
sponds to the Fp unit 35 and the Fp Unit 36. 

25 [0034] The execution units 27 to 36 are logic devices which implement specific types of mathematical operations 
and are dedicated to these specific operations. When the processor 5 processes each instruction, it determines the 
operations indicated by the instruction and. based on the operation, which of the execution units 27 to 36 can implement 
the instruction. The branch units 27 and 28 execute assembly program instructions that may branch to another instruc- 
tion address. The load ALU 29 loads a value into the r or f register files 24 or 25 to be used in arithmetic operations 

30 and the store ALU 30 stores register file contents to main memory. The DSU 31 performs shift, bit manipulation and 
data permutation. The MPY unit 32 performs multiplication and possibly arithmetic and logical functions. The ALU units 
33 and 34 perform arithmetic operations. The Fp units 35 and 36 perform floating point operations. The executk)n units 
27 to 36, additionally communicate with the register files 22 to 25 which are used in the operation of such units 27 to 
36. The operations and the signals for such operations of the execution units 27 to 36 and register files 22 to 25 are 

35 Standard, as shown in J.L Hennessy. D Goldberg and D. Patterson, Computer Architecture: A Quantitative Approach, 
Morgan Kan (2d. Ed. Aug. 1995). Reference Is made to this publication for a further description of execution units and 
register files. 

[0035] The general operation of the processor 5 according to the present invention using the dep instruction packet 
1 1 of Fig. 2 is as follows: The fetch 37 fetches instructions from the main memory 21 based on the instruction address 

40 pointed to by an Instruction Address Register (not shown) contained in an Instruction Fetch Unit 37A (the lAR and 
Instruction Fetch Unit 37A are contained within the fetch 37; the Instruction Fetch Unit 37A is shown in Fig. 4). The 
instruction is thereafter sent to the decoder 38, which in the illustrative embodiment is a serial decode unit used to 
determine the type of operation to be performed based on the instruction. The instruction is then sent to the issue 
control 39. The Issue control 39 is responsible for comparing the lAR in the MIB 26 with the lAR in the fetch 37. If a 

4S match is not found, it then updates the lAR in the fetch 37 with the instruction address to continue executbn from and 
instructs the fetch 37 to fetch the address from the main memory 21. If a match is found, the instruction is a dep 
instruction and the lAR is cached in the MIB 26 ak>ng with the inter-instruction dependencies for transmittal to the 
parallel decode 40 which Issues the Instructions for parallel execution by the execution units 27 to 36. The Issue control 
39 can also map program instructions, including instructions in the dep Instruction packet 11 . to execution units 27 to 

so 36. The issue control 39 Implements additional optimization of program instructions by performing this mapping func- 
tion. In addition, in alternative embodiments of the present invention, another logic device, for example the parallel 
decode 40 alone or in combination with the issue control 39 (both of which are included in the processor 5) can perform 
this mapping function. Moreover, in further alternative embodiments, one or more logic kxated outside the processor 
5 can perform the mapping function. 

55 [0036] Fig. 3 also shows control and data signals between the main memory 21 and the fetch 37. In addition, the 
execution controls (shown in Fig. 3 as exec ctis) are outputs from the parallel decode 40 and are used to control the 
execution units 27 to 36 (for ease of reference, the inputs of the execution controls to the units 27 to 36 are not shown). 
[0037] The MIB 26 is further described with reference to Fig. 4. in which is shown the MIB 26, the Instruction fetch 
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unit 37 A, the main memory 21 , the issue control 39, the parallel decode 40 and a set of decode units 41 to 60 (for ease 
of reference, only units 41 , 42 and 50 are shown). Each of the decode units 41 to 50 are associated with one of the 
execution units 27 to 36. Such units 41 to 50 further process the instructions before transmitting them for execution by 
the execution units 27 to 36. This additional processing is known in the art and therefore will not be further described 
5 herein. 

[0038] The MIB 26 of the illustrative embodiment Includes a series of storage areas, hereinafter referred to as records 
(for ease of reference. 3 records are shown in Fig. 4). Each record within the MIB 26 can contain a lAR field 26A, a 
DEP field 268, a Num field 26C, and instruction fields 26D (shown as InstrO to Instrn, where n is the number of in- 
structions within a given record of the MIB 26). In addition, n is equal to the number of execution units 27 to 36 (or the 

10 value ten) in the processor 5 constructed according to the present invention. The number of instruction fields 26D 
equals the number of execution units 27 to 36 because during parallel execution of the dep instruction packet 1 1 , where 
the number of delimited instructions is (ess than n such that each of the execution units 27 to 36 are not needed for a 
parallel execution, the unused execution units 27 to 36 must receive a noop. Noops or no operation instructions are 
instructbns Indicating to the execution units 27 to 36 corresponding to such instruction fields 26D that no operations 

IS are to be performed. For those instruction fields 26D which do not contain an instruction from the dep Instruction packet 
11 , the decode 38 writes noops to such fields 26D. 

[0039] Another important advantage of the present invention is that the noops are implemented in the instruction 
fields 26D of the MIB 26 rather than in the main memory 21. This allows for compressed instructions to be stored in 
the main memory 21. In addition, the number of transmission lines of the main memory 21 required to transmit an 

20 instruction sequence in the main memory 21 to the processor 5 is reduced where noops are not stored in the main 
memory 21 . Finally, this feature of our invention allows the processor 5 to allocate instructions associated with the dep 
instruction packet 11 in the MIB 26 according to the optimal use of execution units 26 to 37, rather than based on a 
predetermined binding of instructions and noops. Once the processor 5 has allocated the dep instruction packet 11 to 
the MIB 26, the Instruction fields 26D for which no instruction is written can contain noops or have noops written to 

2S them. Therefore, main memory 21 storage space and hardware are reduced and the processor 5 Is able to maintain 
or further optimize the gain achieved by exploiting I LP by freely allocating the execution units 26 to 37. 
[0040] The general operation of the MIB 26 according to the present invention using the dep instruction packet 11 
of Fig. 2 is as follows: The execution of the dep instruction causes the contents of the lAR (at the instruction address 
label) to be written into the MIB 26. When the next four instructions are fetched, the processor 5 may sequentially 

30 execute the (indep) type dep Instruction while writing the Instructbn concurrently into the MIB 26. Another alternative 
is for the processor to fetch all the instructions delimited by the dep instruction and then issue them in parallel. When 
the branch label instructbn Is executed, the lAR is found in the lAR field 26A of the MIB 26 and alt four instructions 
are issued In parallel. 

[0041] As the program executes, the instructions are written into the MIB 26 in much the same manner as a trace 
35 cache, as described in Rotenberg et al., Trace Cache: a Low Latency Approach to High Bandwidth Instruction Fetching, 
Proceedings of the 2gth Annual Internatbnai Symposium on Microarchitecture, pp. 24-24 (Dec. 1996). Later, when 
the object code branches to an'instructlon address that is within the Ml B 26, the machine can issue all of the instructions 
in parallel subject to the constraints of the stored dependency information. For alternative embodiments of the present 
invention, where the MIB 26 can not physically store all of the instructions in the dep instruction packet 11 (i.e., the 
40 number of records In the MIB 26 are full and no additional records can be written or the value of n Is less than four, for 
example, there are two Instruction fields), the processor 5 can Issue two of the instructions of the dep instruction packet 
11 In parallel followed by the remaining two instructions In series. For such embodiments, the Num field 26C specifies 
how to increment the lAR in the fetch 37 so that the original instruction sequence of the dep instruction packet 11 is 
presen/ed. 

45 [0042] Referring to Fig. 5, it is shown that it is not necessary for the organization of the cache or the MIB 26 to be a 
fixed length buffer, as in the illustrative embodiment of Fig. 4. Fig. 5 depicts an Implementation of a MIB 26' according 
to an altemative embodiment in whbh there are no noops stored In the Instruction fields 26D'. Other than the MIB 26', 
the devices of Fig. 5 are identical to those of Fig. 4 and have been assigned identical reference characters. As to the 
MIB 26', the difference is that the Instruction fields 26D' (i.e., instrO to instm) are located In a storage device separate 

50 from the MIB 26'. Based on the use of a separate storage area, the MIB 26' is generally referred to as a two-level buffer 
and requires the storage of additional Information. In particular, an address field 26E' (shown as Addr in this figure) 
stores the memory address of the first delimited instruction within the dep instruction packet 1 1 . This has the advantage 
of rendering unnecessary additional noop storage space in the MIB 26. In this case, the Num field 26C specifies how 
many Instructions to read from the Instruction fields 26D' and additionally how to Increment the lAR field 26A. 

55 [0043] A possible requirement of the MIB 26' embodiment of the present invention is the def ragmentation of memory 
Because the number of instructions stored at each address field 26E' Is variable, it is possible that the memory may 
become fragmented. This may cause unnecessary evictions from the cache or require occasional compaction. De- 
fragmentation is related to a constraint of architected storage spaces and Is known in the art. Therefore, it will not be 
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described further herein. 

[0044] It is also possible for the MIB 26' instruction fields 26D' to store more Instructions then can be physically 
executed by the hardware of the processor 5 (shown in Fig. 3). In this case, the issue control 39' logic is responsible 
for assembling the object code instructions into executable packets, allocating execution units 27 to 36 (as shown In 

s Fig. 3) and routing the instructions over a number of cycles. 

[0045] For either the Ml B 26 or the M\B 26' shown in Figs. 4 and 5, respectively, since they operate as a cache, there 
are a linnlted number of instructions which can be stored at a given time. Accordingly, there are numerous known 
methods for systematically clearing instructions from the MIB in order to allow for the storage of other instructions. 
However, It is possible to introduce some additional operations which help to ensure real-time behavior. (For purposes 

10 of clearing instructions, the MIB 26 and the MIB 26' can be used interchangeably) In particular, specific instructions 
delimited by the dep instruction can be "locked" within the MIB 26 or 26'. This can avoid a potential thrashing condition 
(as is known in the art and will not be further described herein) on implementations that have restrk:ted numbers of 
entries. It may also allow instruction execution rates to be accurately determined. A k)ck>M I B operation may be specified 
in a number of ways. First, a separate instruction can lock the contents of the entire MIB in place until a separate 

IS unlock_mib instruction is executed. Under program control, it can also specify that the current contents can not be 
evicted but additional locations can be free to cache the dep instructions in the MIB. Second, a bit (or a binary 0 or 1 ) 
in the dep instruction can lock an Individual record of the MIB. If no MIB is present, this bit is ignored. Additionally, If 
the MIB is full and all the records are currently locked, the bit Is ignored. This can have a negative impact on perform- 
ance. It is also possible to unlock a particular record of the MIB by the following instruction sequence: 

20 



1 

2 label; dep... 
3 

30 

4 load^addrrSO. label; 

5 unlock_nnib r30; 

35 

6 



This instruction sequence at line 4 loads the instruction address label into the register file r24 at location 30. Because 
40 the MIB 26 stores the dep instruction packet 11 by the lAR, an instruction can be unlocked by referencing the lAR at 
which it is stored in the I AR field 26A of the MIB 26. 

[0046] Another important operation for use with a single-level MIB, or the MIB 26, is a flush_mlb. This Instruction 
clears the contents of the MIB 26 and sets all instructions in the instruction fields 26D locations to noops. In this way, 
noops are extant in each instruction field 26D such that they do not need to be written again when the dep instruction 

45 packet contains fewer than n instructions. 

[0047] Referring once again to Fig. 3, in alternative embodiments, the dep instructk)n according to the present in- 
vention can be used even if there is no MIB 26 (or any type of cache) present. In this case, all that is required is an 
instruction bandwidth, which is a storage area In a device of the processor 5 capable of storing the instructions to be 
issued in parallel. If the fetch 37 can hold the Instructions delimited by the dep Instruction, then the instruction bandwidth 

so would still be reduced. In this case, all instructions which operate on the MIB 26 or any type of cache (e.g.. lock_mlb 
and flush_mib) are ignored. 

[0048] Referring once again to Fig. 2, In further alternative embodiments, additional types of dep instructions can be 
used atone or in addition to the independent type of dep instructions. One such additional type is the concurrent type. 
This type indicates to the processor 5 (shown in Fig. 3) that the delimited instructions should appear to be Issued 
ss concurrently This affects the values read from the register files 22 to 25 which are used for implementing such instruc- 
tions. Rather than receiving the updated values (as viewed from the serial instruction sequence), the pertinent register 
files 22 to 25 receive the value contained in the pertinent register files 22 to 25 prior the dep instruction. Accordingly, 
where each of multiple instructions effect overlapping addresses in the register files 22 to 25 and require the values in 



10 



EP0 924 603 A2 



10 



IS 



such addresses prior to either instruction being executed, the concurrent type of dep instruction is used. An example 
of this is a swap. Normally, a temporary register must be used to perform a swap operatbn. For example, where rO 
and r1 in the register file r24 are to be swapped, a temporary register r3 is established to store one of the values in 
either rO or r1 in order to ensure so that the values prior to instruction execution are swapped rather than overwritten 
values. With the dep ir^truction, a swap can be accomplished as: 



1 dep (concurrent) #2 { 

2 movciO, rl; 

3 nx)verUiO; 

4 ) 



20 

In this example, the temporary register r3 is not needed. Rather, the swap operation is executing using two separate 
execution units which have separately loaded the values of rO and r1 prior to any instruction execution. In this way, the 
values written as a result of the operations are based on the original values in the rO and rl registers rather than any 
ovenvritten values. 

2S [0049] Another type of dep instructions for use in alternative embodiments is the bind^branch type dep instruction. 
This informs the processor 5 hardware that all of the instructions can issue in parallel but the branch instruction may 
not execute until all other instructions within the dep instruction packet have completed execution. For a processors 
with enough resources to execute the entire delimited instructions in a single cycle, this is equivalent to an (indep) type 
dep instruction. However, for a processor 5 which requires multiple cycles to execute an entire dep instruction packet, 

30 it is necessary to delay the effects of the branch until all the Instructions within the packet have executed. 

[0050] Further types of such dep instructions are branch prediction or speculative operation types. The branch pre- 
diction dep instruction specifies the equivalent of the bind,branch type except that the processor 5 hardware also 
statically predicts that the branch will be taken, for example: 

35 

1 dep(pred_talcen)#4{ 



40 



4S 



3 
4 



load ... 
mpy ... 
add ... 

bne r0, label; 



so 



7 



The bne or branch function (as described above) is used in this example. When the value in rO is not equal to a 0, the 
instructbn instructs the processor to go to the instruction address shown next to bne, namely the symbolic address 
label, and to execute such the instruction at that address, namely the prodjaken dep instruction. The prod^taken dep 
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instruction type allows the processor 5 hardware to begin fetching instructions from the address label at the earliest 
possible stage of the processor and the pipeline (not shown) which can accommodate such instruction. For example, 
a standard processor 5 pipeline includes four stages, namely fetch, decode, execute and write back while a high 
performance processor 5 can include more than four stages such that the number of stages is greatly increased. 
Moreover, the processing of instructions occurs during a particular stage of the processor 5. The operations of the 
processor 5 as to stages and processing instructions is known in the art and will not be discussed further herein. Using 
the branch prediction type, instructbns are processed in a shorter cycle time than for normal processing of the processor 
5. 

[0051] A speculative operation type involves executing a series of instructions in order to use the processor 5 at the 
earliest possible time it is available to execute an instruction but waiting until the outcome of a condition Is known (e. 
g., based on a branch Instruction) to store the results of such execution (also referred to as committing results). For 
example, in an exemplary speculative operation, while the series of instructions are executed, they will be stored only 
if the branch condition is met. In this way, the processor 5 Is used at maximum efficiency with the expectation that the 
outcome of the condition will enable storage of instruction executions (depending on how the speculative operation 
type Is set up, whether meeting the condition enables storing the results or not) . Accordingly, the outcome of the 
condition can also result in rendering the results of such execution moot such that the results are discarded. The 
operation is speculative because there is a chance that the results of execution of a series of instructions may be 
discarded. However, efficiencies can be gained when the results are usable. More particularly, with the speculative 
operation type, the results are not committed until the outcome of some condition is known. In some cases, speculative 
operations allow the processor 5 hardware to optimize the utilization of the execution units 27 to 36. However, it can 
require that some results be discarded. For example: 

1 dep (spec_br_nottakcn) #3 { 

2 load... 

3 add... 

4 store ... 

5 } 

6 branch label 

This dep instruction packet specifies that the entire delimited packet Is a speculative operation. In this example, the 
condition Is a branch instruction and, if the branch is not taken, the instruction sequence is stored in the register files 
22 to 25 for execution (also referred to as committing an instruction. Otherwise, if the branch is taken, the results are 
discarded. This type of operation is particularly important for store instructions because it addresses the difficult problem 
of moving store instructions above branches when attempting to issue a large number of parallel instructions. 
[0052] As to each of the above types of dep instructions, the issue control 39 may have to handle complex issue 
strategies and may need to contain enough architecturally invisible registers 22 to 27 to hold all intermediate compu- 
tations. This is particularly true of the concurrent type dep instruction. Such issue strategies and organization for the 
processor 5 are known in the art and therefore will not be further discussed herein. In addition, in alternative embodi- 
ments of the present invention, in the above the dep Instruction types can be used alone or in combination with one 
or more of any other such type. The use and combination of the dep instruction types Is a matter of design preference 
and does not limit the present invention. 

[0053] An advantage of our invention Is object code compatibility within multiple implementations of the same or- 
gan izatbn, or organizations which differ in the number of execution units of the processor and have one or more 
execution units in common. For example, two organizations each provide multiply, ALU, load and store execution units 
and the second organization additionally provides another multiply execution unit. Where the dep instruction of the 
present invention is compiled for the first organization, it can also be executed by the second organization without 
recompllation, and vice versa The first organization can issue four instructions in parallel because it includes four 
execution units. The second organization can issue five Instructions in parallel. Such execution on alternative first and 
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second organizations is achieved because a dap instruction pacl^et containing four instructions can be executed on 
both organizations. As to a dep instruction packet containing five instructions, it can execute on the second organization 
in parallel and on the first organization with four instructions in parallel followed by a single instruction in series without 
having to recompile the object code. However, the performance time for each the organizations to execute the dep 

s instruction packet can differ based on different performance times for parallel processing of all instructions in the packet 
compared to parallel processing of some instructions followed by serial processing of the remainder in the packet. 
[0054] Having thus described the present Invention, it Is to be understood that the above<Jescribed apparatus and 
method embodiments are Illustrative of the principles of the present Invention and that other methods and apparatus 
embodiments may be devised by those skilled in the art, without departing from the scope of the invention. In particular, 

10 the dep instruction packets and the dep instructions shown herein are merely exemplary of types of dep instructions 
and are not required alone or in combination. In addition, such packets and instructions as well as the processor 
organizations shown herein are merely exemplary of dep instructions and processor organizations which expbit I LP. 
However, they are not limltatbns as to the dep instructk>ns nor processors which can be constructed according to the 
present inventbn. 

IS 

Claims 

1 . A computer program product comprising: 

20 

a computer usable medium having a computer readable program embodied therein for execution by a computer 
processor, the computer readable program comprising: 

a plurality of computer readable program instructions for performing predetermined operations for execu- 
^5 tion by the computer processor; and 

at least one of the computer readable program instructions being a dependency instruction containing 
information about at least two of said plurality of computer readable program instructions which can be 
processed by the computer processor for concurrent execution. 

30 

2. The computer program product in accordance with claim 1 wherein the information in said at least one dependency 
instruction is generic as to a plurality of different computer processors so that said product is compatible for exe- 
cution with a plurality of computer processors and each of said plurality of computer processors includes a plurality 
of concurrently operable execution units which can be different in number and type than said plurality of concurrently 

35 operable execution units of another of said plurality of computer processors. 

3. A method for reducing processing time for a computer processor to execute a plurality of program instructions, 
said computer processor having a plurality of concurrently operable execution units, said method comprising the 
steps of: 

40 

including in said plurality of program instructions at least one dependency instruction containing informatk)n 
about a set of said plurality of program Instructions which can be executed Independently of each other, 

forming a group of at least two of said set of program Instructions In response to said dependency instruction; 
46 and 

executing concun'ently in a group of concurrently operable execution units of said group of program Instruc- 
tions. 

so 4. The method in accordance with claim 3 further comprising the step of storing at least two of said plurality of program 
instructions. 

5. The method In accordance with claim 4 wherein said storing step is performed with one of a cache and a multiple 
issue buffer. 



55 



6. The method in accordance with claim 4 further comprising the steps of storing at least two of said plurality of 
program instructions in storage devices, a first of said storage devices storing said information contained in said 
dependency Instruction and a second of sakJ storage devices storing said group of program instructions. 
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7. A system In a computer having the ability to execute at least two of a plurality of program Instructions concurrently 
said system comprising: 

a plurality of program Instructions, at least one of said plurality of program instructions stored In the computer; 

at least one of said program instructions being a dependency instruction containing information about at least 
two of said plurality of program instructions which can be executed independently of each other; 

a computer processor having at least two concurrently operable execution units for processing said plurality 
of instructions; and 

means in said computer responsive to said at least one dependency instruction for causing said at least two 
execution units to execute said at least two of said plurality of program instructions concurrently 

8. The system in accordance with claim 7 further comprising at least one storage device for storing at least two of 

said plurality of program instructions. 

9. The system in accordance with claim 8 wherein said at least one storage device is one of a cache and a multiple 
issue buffer. 

10. The system in accordance with claim 8 further comprising at least two storage devices for storing at least two of 
said plurality of program instructions, a first of said at least two storage devices storing said information contained 
in said dependency instruction and a second of said at least two storage devices storing said at least two of said 
plurality of program instructions. 

11. A computer program product comprising: 

a computer usable medium having a computer readable program embodied therein for execution by a computer 
processor, the computer readable program code means in said computer readable program comprising: 

a plurality of computer readable program instructions each capable of performing predetermined opera- 
tions for execution by the computer processor; and 

said plurality of computer readable program instructions Including at least one dependency instruction 
containing information about at least two of said plurality of computer readable program instructbns which 
interact with one another for processing by the computer processor in a predetemnined manner 

12. The computer program product in accordance with claim 11 wherein the information in said at least one dependency 
Instruction Is generic as to a plurality of different computer processors so that said product is compatible for exe- 
cution with a plurality of computer processors and each of said plurality of computer processors includes a plurality 
of concurrently operable execution units which can be different in numberand type than said plurality of concurrently 
operable execution units of another of said plurality of computer processors. 

13. The computer program product in accordance with claim 11 wherein said dependency instruction Indicates that 
said at least two program instructions associated with said dependency instruction must be executed concurrently 

14. The computer program product in accordance with claim 11 wherein: 

said plurality of program instructions further includes a branch instruction which Initiates the execution of an- 
other one of said plurality of program Instructions; 

said at least two of said plurality of instructions associated with said dependency instruction include said branch 
Instruction; and 

said dependency instruction Indicates that said plurality of program instructions associated with said depend- 
ency instruction other than said branch instruction must be executed before said branch instruction is proc- 
essed by said computer processor. 
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15. The computer program product in accordance with claim 11 , said computer program product wherein: 

said plurality of program instructions further includes a branch instruction which initiates the execution of an- 
other one of said plurality of program Instructions; 

s 

said at least two of said plurality of instructions associated with said dependency instruction does not include 
said branch instruction; and 

said dependency instruction Indicates that said plurality of program instructions associated with said depend- 
1^ ency instruction are executed before said branch instruction is processed by said computer processor and the 

results of said execution of said plurality of program instructions associated with said dependency instruction 
are retained in said computers only If said branch Instruction is executed. 

16. A method for reducing processing time for a computer processor to execute a plurality of program instructions, 
^5 said computer processor having a plurality of concurrently operable execution units, said method comprising the 

steps of: 

including in said plurality of program instructions at least one dependency instruction containing information 
about a set of said plurality of program Instructions which interact with each other for processing by said 
20 computer processor In a predetermined manner; 

forming a group of at least two of said set of program instructions In response to said dependency instruction; 
and 

25 executing concurrently in a group of concurrently operable execution units said group of program Instructions. 

17. The method in accordance with claim 16 wherein said dependency instruction indicates that each of said at least 
two program instructions must be executed concurrently such that said group is formed of each of said program 
instructions associated with said dependency instruction. 

30 

18. The method in accordance with claim 16, said method further comprising the steps of: 

Including a branch instruction in said plurality of program instructions which initiates the execution of another 
one of said plurality of program instructions; 

35 

Including said branch instruction in said set of said plurality of program instructions associated with said de- 
pendency instruction; and 

based on said predetermined manner, executing said set of said plurality of program instructions other than 
said branch instruction before processing said branch instruction by said computer processor 

19. The method in accordance with claim 16, said method further comprising the steps of: 

including a branch instruction in said plurality of program instructions which initiates the execution of another 
45 one of said plurality of program instructions; 

excluding said branch instruction from said set of said plurality of program Instructions associated with said 
dependency instruction; and 

^ based on said predetermined manner, executing said set of said plurality of program instructions before said 

branch instruction is processed by said computer processor and retaining the result of said execution of said 
set of said plurality of program instructions only if said branch instruction is executed. 

20. The method in accordance with claim 16 further comprising the step of storing at least two off said plurality off 
55 program Instructions. 

21. The method in accordance with claim 20 wherein said storing step is performed with one of a cache and a multiple 
issue buffer. 
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22. The method in accordance with claim 20 further comprising the steps of storing at least two of said plurality of 
program instructions In storage devices, a first of said storage devices storing said information contained in said 
dependency instruction and a second of said storage devices storing said group of program instructions. 

5 23. A system in a computer having the ability to execute at least two of a plurality of program instructions concurrently, 
said system comprising: 

a plurality of program Instructions, at least one of said plurality of program instructions stored in the computer; 

at least one of said program instructions being a dependency instruction containing information about at least 
two of said plurality of program instructions which interact with each other for processing by a computer proc- 
essor in a predetermined manner; 

a computer processor having at least two concurrently operable execution units for processing said plurality 
^5 of instructions; and 

means in said computer responsive to said at least one dependency instruction for causing said at least two 
execution units to execute said at least two of said plurality of program instructions concurrently 

20 24. The system in accordance with claim 23 wherein said dependency instruction indicates that said at least two 
program instructions associated with said dependency instruction must be executed concurrently. 

25. The system in accordance with claim 23, said system wherein: 

25 said plurality of program instructions further Includes a branch instruction which initiates the execution of an- 

other one of said plurality of program Instructions; 

said at least two of said plurality of instructions associated with said dependency instruction includes said 
branch instruction; and 

30 

said dependency instruction indicates that said plurality of program instructions associated with said depend- 
ency instruction other than said branch instruction must be executed before said branch instruction is proc- 
essed by said computer processor. 

3S 26. The system in accordance with claim 23, said system wherein: 

said plurality of program instructions further includes a branch Instruction which initiates the execution of an- 
other one of said plurality of program instructions; 

^0 said at least two of said plurality of instructions associated with said dependency instruction does not include 

said branch instruction; and 

said dependency Instruction indicates that said plurality of program Instructions associated with said depend- 
ency instruction are executed before said branch instruction is processed by said computer processor and the 
^ results of said execution of said plurality of program Instructions associated with said dependency instruction 

are retained In said computers only if said branch instruction is executed. 

27. The system In accordance with claim 23 further comprising at least one storage device for storing at least two of 
said plurality of program instructions. 

so 

28. The system in accordance with claim 27 wherein at least one storage device is one of a cache and a multiple issue 
buffer. 

The system in accordance with claim 27 further comprising at least two storage devices for storing at least two of 
55 said plurality of program instructions, a first of said at least two storage devices storing said information contained in 
said dependency instruction and a second of said at least two storage devices storing said at least two of said plurality 
of program instructions. 
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FIG. 4 
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FIG. 5 
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